Median nerve somatosensory evoked potentials were recorded in 28 comatose patients, eight of whom were progressing from coma to eventual brain death and in 11 brain dead patients using electrodes over the scalp, neck and nasopharynx (nasopharyngeal electrode). This recording technique was used to assess the different derivation of brainstem P14 wave activity. It showed that in the midfrontal scalp to the nasopharynx derivation a clear P14 was present in all comatose patients. This component disappeared during the passage from coma to brain death.
In recent years the need for a reliable instrumental investigation to ensure an "objective" confirmation of the diagnosis of brain death has spurred neurophysiological research in the electrical activities of different components of the brainstem with somatosensory evoked potential (SEP) recordings. SEP studies have been done using non-invasive techniques on healthy volunteers 1 and on patients with pathological conditions of the high cervical cord 2 , the cervico-medullary junction and the brainstem 3 . Some studies have also reported direct SEP recordings from the brainstem and the spinal cord during neurosurgery [4] [5] [6] .
Besides studies carried out with conventional surface electrodes positioned on the scalp and earlobe, with cephalic and non-cephalic references, and with electrodes placed directly on the brainstem and in the thalamus, recordings have also been made using intra-oesophageal 7 and nasopharyngeal (NP) electrodes which, being less invasive, have permitted near-field recordings of the lower part of the brainstem and the upper part of the cervical cord 8,9 . In the present study a nasopharyngeal electrode was used to examine the distribution and changes of the P14 SEP recordings in a group of deeply comatose and brain dead patients and we correlated these with the recordings obtained directly over the nucleus cuneatus during neurosurgical operations in which these structures were exposed.
MATERIALS AND METHODS Subjects
SEP recordings were made in the first group of 39 patients (11 patients were brain dead, 20 were comatose and eight were progressing from coma to brain death) aged 17 to 60 years (mean 41.6 years). In brain dead patients the syndrome had lasted between one and 24 hours at the time of evoked potential testing, whereas in the group of comatose patients, recordings were done three to five days after the injury. Head injury was the cause of coma and brain death in all 39 patients and in all comatose patients the Glasgow Coma Scale scores (GCS) were less than 8 10 . Patients with lesions or diseases affecting the evoked responses (haemotympanum, fractures of the temporal bone or cervical vertebrae, or lesions of the brachial plexus) were excluded from study. Electroencephalography (EEG) studies and computerized tomography (CT) scans were done in all the patients to establish the neurological diagnosis and in addition, transcranial Doppler flowmetry was performed in some patients. Brain death was diagnosed in accordance with the Italian law which requires that: 1. a severe irreparable brain lesion is demonstrated, 2. there must be absence of brainstem reflexes and apnoea must be tested during hypercapnia (P a CO 2 >60 mmHg, normal P a O 2 and pH<7.40) for six hours, and 3. the EEG tracing must be isoelectric every two hours during this six hour test period. Reversible conditions such as drug effects, hypothermia, shock and endocrine disturbance also have to be excluded 11 .
SEPs were done intraoperatively in the second group of five patients who underwent suboccipital craniectomy, laminectomy of C1 and C2 through a midline skin incision for surgical lesions involving primarily the craniocervical junction. The patients were premedicated with intravenous fentanyl 0.7 µg/kg and droperidol 0.05 mg/kg. Anaesthesia was induced with sodium thiopentone 2 to 5 mg/kg IV and vecuronium 0.1 mg/kg IV was given to facilitate endotracheal intubation. Anaesthesia was maintained with isoflurane 0.5 to 0.7% with nitrous oxide 70% in 30% oxygen and a continuous IV infusion of fentanyl at 0.7 µg/kg/h. Mechanical ventilation was adjusted to maintain an end-tidal CO 2 tension at 35 to 38 mmHg.
Informed consent was obtained from the patients on the day before surgery in the neurosurgical group and from the families of the comatose and brain dead patients.This study was approved by the Institutional Review Board of the Livorno Hospital (Comitato Etico).
The Wilcoxon rank sign test was used to assess significance of the difference of latencies between P14 in Pgz-NC and Fz-Pgz. The correlation between P14 in D-NC and the others was studied through linear regression. All data were expressed as mean value (SD). A P value less than 0.05 was considered statistically significant.
SEP recording technique
In every patient the median nerve was stimulated at the wrist (on both sides in all the comatose and brain dead patients, on the left in the surgical group) using skin electrodes (cathode proximal) with a stimulus strength sufficient to produce a clear thumb switch. Rectangular pulses of 0.2 ms duration were delivered at a rate of five per second. For scalp recordings, needle electrodes were used. The NP electrode (Vikers Medical, Milano, Italy) consisted of a teflon insulated steel wire with a silver ball tip inserted into a steel catheter with a bend of 20° about 25 mm from the tip. The electrode was inserted through a nostril with its convex side upward and was rotated through an angle of about 130° to bring its tip into firm contact with the upper posterior wall of the pharynx. The position was confirmed by lateral X-ray of the head. In the first group, the following electrode montages were used. The derived components are in parentheses.
EP-Fz (N9); Cv6-Fz (N11,N13); C3'-NC,C4'-NC (cortical N20); Fz-Pgz (P14); Pgz-NC (P9,P11,P14). In addition, recordings from C3'-Fz, C4'-Fz (cortical N20) were made. Electrode locations are labelled as follows: Pgz=median nasopharynx, according to the international 10-20 system 12 , Cv6=spinous process of the sixth cervical vertebra, NC=noncephalic reference (shoulder contralateral to stimulation), C3', C4', Fz=electrode locations at the scalp according to the international 10-20 system, EP=Erb's point.
In the second group of five patients, direct recordings (D) were made with an electrode of 3 mm AgCl ball tip; this electrode was applied on the CNS surface and placed rostro-caudally at C1, C2, and C3 segments of the medulla on the ipsilateral side of the stimulation and referred to Fz (D-Fz) and to the shoulder contralateral to the stimulation (D-NC). Recordings of P14 from Fz-Pgz and Pgz-NC were also made simultaneously. Furthermore, in patients 1 and 3, direct recordings were also referred to Pgz (D-Pgz).
In all patients SEP components were identified visually and their peak latencies were automatically measured. The bioelectrical signal was amplified with a bandpass filter of 30-3000 Hz (-3dB at cut-off point, 6dB/octave) with analysis time of 50 ms and an inter-electrode impedance of less than 2500 ohms. Each tracing resulted from the average of 512 stimuli and sweeps with excess interference were automatically edited out of the average. In all studies a relative negativity at the exploring electrodes produced an upwards deflection. The recordings were repeated at least twice to ensure reproducibility of the response. A Neuropack Four Mini (Nihon Koden Corporation, Tokyo, Japan) was used for programming, data acquisition, on-line quality controls and off-line data processing.
RESULTS
The cortical wave N20 was absent bilaterally in all cases of brain death. In the comatose patients this potential was found bilaterally in 60.7%, was lost on one side in 21.5% and was lacking bilaterally in 17.8%. The P14 component in Fz-Pgz was always preserved in all comatose patients, whereas in all the brain death patients it was absent bilaterally ( Table 1) . Like the scalp recording, the nasopharyngeal recording showed in Pgz-NC two well defined positive waves which we labeled, according to the literature 13 , as P9 and P11, followed by one notched P14 (Figure 1 ).
In three cases progressing from coma to brain death we recorded EEG and SEP at the same time which showed residual EEG activity and the P14 in Pgz-NC was clearly seen while the P14 in Fz-Pgz was present but reduced in amplitude. Furthermore, with the disappearance of the EEG activity we observed at the same time the loss of P14 in Fz-Pgz with the N11-N13 complex at Cv6 with normal latency (Figure 2) .
The P14 in Pgz-NC in comatose patients had an average latency of 13.50 (±0.69) ms, while the average value in Fz-Pgz was 14.71 (±0.41) ms with average difference of 1.21 ms (Wilcoxon P<0.02).
All five surgical patients had similar morphology of the direct SEP recordings from the posterior surface of the cervicomedullary junction: a large negativity (N1) preceeded by a small positive deflection of P1 and followed by a long positive wave P2 (Figure 3 ). Patients 1 and 2 with spasmodic torticollis of the 11th nerve neuropathy can be considered as normal subjects. In these two patients latency of N1 which was recorded in the vicinity of the nucleus cuneatus and P14 are shown in Table 2 .
In patient 3 who had a C2 left neuroma, both the direct responses from the cervico-medullary junction and those with nasopharyngeal electrode showed a rise of latency: it was 18.7 ms for N1, 18.9 ms for P14 in Fz-Pgz and 18.4 ms for P14 in Pgz-NC. In case 4, a patient with an arterial-venous fistula at C2 with quadriparesis, the SEP responses showed a similar delay, with N1 at 17.4 ms, P14 in Fz-Pgz at 17.4 ms and P14 in Pgz-NC at 16.5 ms. In case 5, a patient with Arnold-Chiari syndrome, the responses were N1 at 14.7 ms, P14 in Fz-Pgz at 14.9 ms and P14 in Pgz-NC at 14.4 ms ( Table 2) .
The latencies and the shape of N1 recorded directly over the cervico-medullary junction correlated well with the P14 recorded in Fz-Pgz (linear regression with R2 >0.99) ( Figure 4 ) even in patients 3 and 4 in whom the increases in the latency were clearly shown in the direct recordings. However, there was no P14 component which corresponded in latency to the P2 components in any of the five patients and there was no difference in terms of wave form, onset peak latencies and amplitude of the waves between the non-cephalic, cephalic, and nasopharyngeal references in the direct recordings ( Figure 5 ).
DISCUSSION
It is generally accepted that the brainstem is the essential anatomic structure for the determination of brain death even though, according to the Italian law, the EEG recording of the cortical activity is mandatory to verify such a diagnosis 11, 14 . At present, none of the available measurements for brain death, including EEG, transcranial Doppler flowmetry and cerebral blood flow monitor, allows the direct analysis of the brainstem activities. On the other hand, SEP and brainstem auditory evoked potentials (BAEP) enable us to explore the activity of the brainstem. While the BAEP examines the structures above the pons, SEP allows us to record the progression of electrical activity from the medulla to the brainstem in the cervico-medullary junction. It would be important to identify the SEP component which could explore unequivocally the farthest part of the brainstem and whose disappearance could establish a reliable reference for brain death. The scalp recording P14 has long been considered the "lowest" among the subcortical components of SEP from the scalp. The site of generating this recording has been the subject of a number of studies which located it in the following structures: 1. cervico-medullary junction 15 , 2. caudal and rostral brainstem 8, 16 , 3. thalamic nuclei 17 . A nasopharyngeal electrode is currently used for recording mesial EEG in patients with focal seizures. During intraoperative monitoring of cervical spinal cord and brainstem, it effectively records the subcortical components of SEP 18 . According to Wagner this electrode in the Fz-Pgz montage records a far field P14 "rostral" component while in the Pgz-NC montage the electrode records the lower part of the P14 generator 8, 19 . The position of the Pgz electrode at 35 to 40 mm from the ventral part of the brainstem, just below the bulbo-medullary junction, is compatible with a near field recording of waves generated at this level 9 . The location of the P14 generator turns out to be useful since the disappearance of this wave is the marker of physiological brain death which, up to this day, is indirectly determined by the disappearance of the EEG waves. In our study we found no evidence of the phenomenon of scalp negative deflection (inverse P14) in the Fz-Pgz derivation as reported by Wagner in a significant number of brain dead patients 19 .
Moller et al, after comparing direct recordings from the scalp in monkey and in men, have located the origin of the P14 far-field recording in the vicinity of the nucleus cuneatus, claiming that the P14 in essence represented the sum of activity generated in the medial lemniscus and not an electric potential produced in a single brainstem generator 4 . Using direct operative recordings from the cervicomedullary junction, Jacobson and Tew found that P14 latency was 0.98 ms earlier in comparison with that recorded on the scalp, suggesting that Fz-NC highlighted a wave generated in the medial lemniscus or in the ventral postero-lateral thalamic nucleus 15 . Ozaki and co-workers have recorded the disappearance of P14 in a patient suffering from a lesion of the nucleus cuneatus, which spared the fasciculus cuneatus suggesting that scalp recording of P14 arises from synaptic events that occur in the nucleus cuneatus or from action potentials in the medial lemniscus 20 . Morioka et al showed in their study an increase in latency of the direct N1 component as the recording site moving rostrally from C3 segment to the nucleus cuneatus with the maximal response located on the ipsilateral cuneate nucleus, a level slightly caudal to the C1 nucleus 5 .
In studies on brain dead patients, Belsh and Chokroverty suggested that two generators of P13/P14 responses are located in the bulbomedullary junction or nucleus cuneatus and rostral part of medial lemniscus of the brainstem 15 . The recordings we carried out showed that the N1 component recorded over the nucleus cuneatus had the same latency and shape with reversed polarity as the recording carried out in Fz-Pgz with the nasopharyngeal electrode. Morioka clearly showed this phase-reversal during direct recordings of the dorsal and ventral surface of the medulla and suggested that there should be a dipole oriented in a dorsoventral direction 21 .
The main utility of the nasopharyngeal reference Fz-Pgz is the possibility of recording without difficulty the subcortical components like the P14, even in electrically active settings such as the operating room or intensive care unit, where it is sometimes difficult to get clear recording with non-cephalic reference due to the long inter-electrode distance leading to increased artifacts. Another advantage of the Fz-Pgz recordings is the clear baseline preceding the P14 potential due to in-phase cancellation of the P9 and P11 waves which facilitates amplitude measurement. Wagner et al found approximately eightfold higher artifact level when using such a non-cephalic reference resulting in a prolongation of the averaging process by 20% to 25%. Furthermore, they also showed that in aneurysm surgery of the anterior cerebral circulation the two-channel derivation cortical N20 and subcortical N13 seemed to be sufficient, but in operations involving the posterior fossa, craniocervical junction or the cervical spine this montage appeared to be ineffective 18 . The P14 recorded with non-cephalic reference is often very difficult or sometimes impossible to perform in an electrically "noisy" situation such as an operating room. The nasopharyngeal recording allows for a suitable monitoring of the P14 potential.
This simple montage can be a reliable tool for clinical investigation of the lower part of the brainstem function indicating not only a worsening of the clinical neurological condition of a comatose patient but also an objective confirmation of the brain death. Furthermore, because the nasopharyngeal electrode provides non-invasive access to the ventral brainstem at the medullary level, we can use this electrode for intraoperative SEP monitoring in surgery involving the cervical spine, the craniocervical junction and the brainstem.
